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The primary visual cortex (V1) is widely regarded as faithfully conveying the physical properties of visual stimuli. Thus, experience-
induced changes in V1 are often interpreted as improving visual perception (i.e., perceptual learning). Here we describe how, with
experience, cue-evoked oscillations emerge in V1 to convey expected reward time as well as to relate experienced reward rate. We show,
in chronic multisite local field potential recordings from rat V1, that repeated presentation of visual cues induces the emergence of
visually evoked oscillatory activity. Early in training, the visually evoked oscillations relate to the physical parameters of the stimuli.
However,with training, the oscillations evolve to relate the time inwhich those stimuli foretell expected reward.Moreover, the oscillation
prevalence reflects the reward rate recently experienced by the animal. Thus, training induces experience-dependent changes in V1
activity that relate to what those stimuli have come to signify behaviorally: when to expect future reward and at what rate.
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Introduction
Constructing predictive representations of the timing and value
of future reward given the identity of a stimulus is essential for
goal-directed behavior. Therefore, how the brain learns to foretell
the timing (Gavornik et al., 2009) and value (Huertas et al., 2013)
of reward predicated on such information is a central issue. Tem-
poral information regarding future expected reward is expressed
in high-order brain areas, such as the posterior parietal and pre-
frontal cortex (Leon and Shadlen, 2003; Genovesio et al., 2009;
Xu et al., 2014). Surprisingly, studies have also shown that neu-
rons within the primary visual cortex (V1) are capable of express-
ing the time from a visual cue to expected reward (Shuler and
Bear, 2006; Chubykin et al., 2013). Indeed, V1 has long been a
system for studying how experience modifies responses to exter-
nal cues (Hubel and Wiesel, 1970). Whereas studies of
experience-dependent plasticity in V1 are commonly interpreted
in the context of enhancing visual processing (perceptual learn-
ing) (Teller and Movshon, 1986; Seitz and Watanabe, 2005),
other experiments have demonstrated that V1 may be the site of
reinforcement-induced changes (Shuler and Bear, 2006; Chuby-
kin et al., 2013) that relate visual cues to their behavioral signifi-
cance. How these two expressions of experience-dependent
plasticity interact in V1 remains unknown.
Recent studies revealed that repeated presentation of a visual
stimulus or sequence of visual stimuli result in a persistent and
stimulus-specific enhancement of the visually evoked potential
(VEP) triggered by the test stimulus in the adult mouse (Frenkel
et al., 2006; Gavornik and Bear, 2014). These forms of plasticity
require intrinsic plastic changes in V1 and have properties similar
to long-term potentiation (Frenkel et al., 2006; Cooke and Bear,
2010). Earlier studies of experience-dependent plasticity in V1
reported that repeated exposure to a brief flash may elicit an
oscillation that persists for some time after the stimulus termi-
nates (“photic after-discharge”) (Bishop and O’leary, 1936;
Kimura, 1962). Despite this cortical expression of experience-
dependent plasticity being characterized subsequently in greater
detail (Shearer et al., 1976; Bigler et al., 1978; Uhlrich et al., 2005;
Mwanza et al., 2008), its role has remained enigmatic. Collec-
tively, these studies reveal that repeated presentation of visual
stimuli induce a long-term response sensitization in V1 readily
observable in local field potential (LFP) activity.
Experience-dependent plasticity can also be interpreted in a
reinforcement learning framework. Several studies have observed
plasticity in V1 related to learning the behavioral significance of a
stimulus, including expected reward value and timing (Shuler
and Bear, 2006; Serences, 2008; Sta˘nis¸or et al., 2013). Reward
timing activity, as with stimulus-selective response potentiation
and sequence sensitivity, is based on plasticity mechanisms in-
trinsic to V1 (Cooke and Bear, 2010; Chubykin et al., 2013; Ga-
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vornik and Bear, 2014). However, what changes emerge as a
consequence of learning visual cue-reward contingencies evident
in the LFP, and what they may reveal, remains to be examined. To
address this, we performed chronic LFP recordings in V1 of adult
rats while they learned to associate visual stimuli of different
intensities with water rewards of varying magnitudes occurring
at a fixed delay.
Materials andMethods
Subjects
All animal procedures followed National Institutes of Health guidelines
and were approved by the Johns Hopkins University Institutional Ani-
mal Care and Use Committee. Male Long–Evans rats (P60; Charles
River Laboratories) were maintained on a 12 h light:12 h dark cycle
(lights on at 7:00 A.M.) with ad libitum food and water. Rats were chron-
ically implanted with electrodes in V1. After recovery from surgery, ani-
mals had restricted access to water for 20 min each day and a day rest
period each week. This schedule maintained animals at 90% of their
predeprivation weight, with any further weight loss being counteracted
by increased free water access.
Surgical procedure
Animals were anesthetized with isoflurane, treated with local anesthetic
(lidocaine) in the scalp and pressure points, and secured within a stereo-
taxic frame. Temperature was maintained using a heating pad. The skull
was exposed, and small metal screws were placed as anchors for the
implant as well as ground connection points for the electrode assembly.
Bilateral craniotomies were drilled overlying the binocular portion of V1
(1–2 mm anterior, 4.5 mm lateral from lambda). Multichannel linear
arrays were designed to record across cortical layers. Platinum iridium 15
m wires (California Fine Wire) were placed flat, glued, and cut to obtain
a spacing between wire tips of 100 m. The electrode tips were gold-
plated and inserted normal to the cortical surface until the last wire
contacted the surface of the brain. In addition, three animals were im-
planted bilaterally with 2 8 arrays of 35m tungsten wires (California
Fine Wire) inserted to a depth of 1 mm at a 10° angle. Sterile petroleum
ointment was applied to the craniotomy, and dental cement was used to
anchor the electrode assemblies to the skull. Animals were then treated
with antibiotics (gentamicin, 1 mg/ml) and a nonsteroid anti-
inflammatory agent (flunixin, 4 mg/ml) and kept under careful observa-
tion until awakening. Animals were allowed to recover in the home cage
for at least 1 week before starting the water restriction protocol for be-
havioral training.
Behavioral training
Visual cues were presented through removable, head-mounted goggles
overlying each eye and embedded with green LEDs. Animals were placed
in a dark behavioral testing chamber that contained a nose-poke where
the animal could seek a water reward by licking through a slot onto a lick
tube (Med Associates). After a 2 s intertrial interval, the animal could
initiate a trial by entering the nose-poke, after which a full-field visual
stimulus (100 ms duration) of three possible intensities was presented
pseudo-randomly through head-mounted goggles. The animal was then
required to lick eight times to gain a water bolus in half of the trials. The
intensity of the visual stimulus was predictive of the magnitude of the
reward (small 20 l; intermediate 40 l; big 60 l). Trials ended
when the animal removed its head from the nose-poke. The required
number of licks was held constant throughout training. Behavioral ses-
sions were controlled via custom signal conditioning hardware and
MATLAB (MathWorks) software executed on the data acquisition
computer.
Electrophysiology
Neural activity was recorded using a 32-channel Cheetah setup (Neura-
lynx). Sixteen-channel headstage amplifiers were attached to electrode
interface plugs overlying each hemisphere, and bandpass filtered (1–300
Hz) neural signals were continuously sampled at 32 kHz (downsampled
to 3.2 KHz). Events in the behavioral task were coregistered and time-
stamped by the acquisition system.
Histology
After the final recording session, a small current was applied through
each electrode tip for identification of the final recording depths. Ani-
mals were given a lethal dose of pentobarbital and transcardially perfused
with cold PBS containing heparin (500 U/L) followed by 4% PFA in PBS.
The brain was quickly removed, postfixed in PFA at 4°C for 2–12 h, and
placed in a 30% sucrose solution in PBS. Frozen coronal sections (35
m) were collected with a sliding microtome, and histological verifica-
tion of the electrode endpoints and recording tracks was done on cresyl
violet-stained sections.
Data analysis
All analyses were done with MATLAB (The MathWorks).
Phase locking analysis. The LFP was decomposed with a discrete
wavelet transform (Meyer type) to obtain a 5–10 Hz frequency band.
A Hilbert transform was used to obtain the phase angle at every point
of each waveform (“instantaneous phase”) (for further details, see
Zold et al., 2007, 2012). Next, the number of spikes or licks occurring
at different phase angles of each waveform was depicted in circular
plots (bin size: 12°). Phase locking of licks or spike discharges was
determined by assessing deviation from uniformity in these circular
plots with the Rayleigh test.
Oscillation detection and duration. The analysis was performed on
three channels per hemisphere, which were then averaged within hemi-
sphere for each of the “early” sessions (the first three behavioral sessions)
as well as for each of the “late” sessions (three consecutive sessions at
asymptotic performance expressing stable cue-reward intervals and “give
up” times after at least 2 weeks of training). To detect the presence and
duration of visually evoked oscillations, we first computed a time-
frequency representation of the signal based on Gabor filters between 6
and 9 Hz (SD of Gaussian 0.5, step size 0.05). We then calculated the
mean energy values across frequencies in every moment in time (“en-
ergy”). In addition to energy, we also characterized how concentrated the
energy in this range was across that range at any moment in time, calling
this measure the “purity” of the signal as follows:
Purity  freq2  energynormalized   freq  energynormalized 2
Where freq is the range of frequency values and energynormalized is the
energy values across that range normalized by their sum across that
range.
Finally, the “concentrated energy” is the quotient of the mean en-
ergy and the purity in every moment in time. This concentrated en-
ergy value improved the detection of oscillations and their durations.
To determine an objective threshold to detect oscillations and calcu-
late their durations, we first calculated the mean concentrated energy
in a time window of 500 ms (from 200 to 700 ms after visual cue
presentation) for every trial in a behavioral session. The threshold was
then set as follows: (max  min)/2.5, where max and min are the
maximum and minimum mean concentrated energy values in this
window of the session, respectively. A trial was considered to have an
oscillation if any value of the concentrated energy in time was greater
than this threshold (excluding the 200 ms period after visual cue
presentation). The oscillation could not begin after 500 ms after vi-
sual cue presentation. The end of the oscillation was computed as the
time in which the concentrated energy value fell below this threshold.
Current source density (CSD) analysis was performed to determine the
spatiotemporal pattern of current sinks and sources evoked by the visual
stimulus presentation. The CSD profiles were approximated by the second
spatial derivative of field potentials (Mitzdorf, 1985) collected on channels
immediately adjacent to each other by the equation as follows:
[d(n)  (Vn 1 Vn) d(n’)  (Vn Vn 1)]/0.5
 d(n)  d(n’)  [d(n) d(n’)]
where Vn1, Vn, and Vn1 stand for the field potentials recorded at
electrode n1, n, and n1, and where d(n) is the distance between
electrode n1 and n, and where d(n’) is the distance between electrode n
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and n1. To perform this analysis on single trials, the CSD estimates
were spatially filtered with a 3 point low-pass Hamming filter (Pettersen
et al., 2006).
Oscillation prevalence analyses. To study the oscillation prevalence
across a given behavioral session, we calculated the proportion of trials
showing an oscillation in consecutive nonoverlapping bins of 6 trials.
The percentage of trials with oscillations was also averaged across each
session to compare early and late in training for all animals. For the
oscillation rate, trial rate, photic rate, and reward rate analysis, we used a
300 s sliding window moved every 2 s. In each window, the oscillation
rate equaled the number of trials with oscillations divided by the duration
of the time window. The trial rate was computed as the number of trials
self-initiated by the animal in each 300 s window per unit of time. In
addition, we calculated the photic rate taking into account the relative
intensity of the visual cues presented to the animal in the trials occurring
in each 300 s window per unit of time (low 1, medium 2, high 3).
Finally, the reward rate was calculated by taking into account the amount
of reward delivered in each 300 s window per unit of time. A Pearson
correlation analysis was performed between the oscillation rate versus the
trial, photic, and reward rate for each session.
Receiver operating characteristic (ROC) analysis. The oscillation detec-
tion algorithm was used to identify trials with and without oscillations for
all sessions and animals. Perievent histograms of the lick times were
centered either on the visual cue or the nth lick time for trials with and
without oscillations. A 10 ms nonoverlapping bin was used to calculate
the relative licking frequency per bin. Next, a bin-by-bin ROC analysis
was used to compare the lick time responses from the distributions
formed by trials with oscillations and without oscillations.
Results
To establish whether cue-dependent reward expectancies relating
time and magnitude are observable in visually evoked LFP re-
cordings in V1, adult Long–Evans rats were trained to associate
visual cues of three intensities with rewards of varying magnitude
occurring at the same fixed delay (Fig. 1A,D). Operationally, rats
Figure 1. Experimental design. A, Operant chamber containing a water spout within a nose-poke port. Movements into or out of the nose-poke were detected by an infrared beam. Licks were
detected by breaking a second infrared beam located in front of the water spout. Visual stimuli were delivered through head-mounted goggles. B, Custom-made multichannel linear array. The
electrodeswere cut so that the ends of thewireswere staggered relative to oneanother.C, Top, Schematic of a coronal section showingelectrodepositioning. The electrode tipswere insertednormal
to the cortical surface. Bottom,Nissl staining showing theelectrodearray track.D, Followinga2 s intertrial interval, rats enteredanose-poke to receivea100ms full-field retinal flashof threepossible
intensities (low, medium, or high). The animals were then required to lick number of times to gain a small bolus of water in half of the trials. The intensity of the visual stimulus was predictive
of themagnitude of the reward delivered. Two different policieswere used in this study: the one depicted above and another pairing low intensity-big reward,medium intensity-small reward, high
intensity-intermediate reward.
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were motivated through water restriction to obtain water drop-
lets from a lick tube located within a recessed “nose-poke” in a
standard behavioral chamber. Trials were self-paced by the ani-
mal by entry into the nose-poke following the expiry of, mini-
mally, a 2 s intertrial interval. On entry, one of three visual stimuli
varying in intensity (full-field binocular flash of 100 ms duration)
was presented through head-mounted goggles in a pseudo-
random order. Following the visual cue, animals were required to
lick a fixed number of times for a water reward to be presented
(Fig. 1D). To differentiate reward receipt from expectancy, half of
the total number of trials the animal licked to criterion were
rewarded, half unrewarded. LFP activity was recorded bilaterally
in V1 from the first day of training using custom-made multi-
channel linear arrays (Fig. 1B). Electrode contacts were im-
planted perpendicular to the cerebral cortex so as to allow LFPs to
be recorded across the depth of the cortex (n 8 animals) (Fig.
1C). Additional recordings from multichannel 8 2 arrays sam-
pling rostrocaudally/mediolaterally, rather than across depth,
were also conducted to assess the areal extent of observed oscil-
lations (n 5 animals).
Familiarity with the task leads to stereotyped behavior
Rats soon learned, as observed even on the first day of training, to
lick after presentation of the visual stimulus to criterion to get
reward, as indicated by the percentage (70%) of completed
trials (Fig. 2A). Once the animals gained experience in this task,
they adopted the strategy of licking immediately after the visual
cue presentation and exiting the port either after consuming the
water (on rewarded trials) or shortly after the expected reward
delay expired in unrewarded trials (the give up time), indicating a
comprehension of the cue-reward delay (Fig 2). Measures of task
performance thus include stereotypically licking to criterion to
garner reward on a large fraction of rewarded trials, as well as the
time to depart from the nose-poke on unrewarded trials. As in-
dicated by the amount of time that they remained licking in the
nose-poke in unrewarded trials, rats did not exhibit a precise
apprehension of the time of expected reward until approximately
the fourth behavioral session (Fig. 2B; p 0.05, Tukey’s post hoc,
repeated-measures ANOVA). After 2 weeks of training, all ani-
mals had acquired stable task performance. Sessions were thus
categorized according to animals’ performance as “early” (the
first three training sessions) and “late” in training (three consec-
utive sessions at asymptotic performance expressing stable cue-
reward intervals and give up times). Both reward and give up
times significantly decreased with training (p  0.05). Rats
showed no differences within-session in either reward times or
give up times in trials with different reward magnitudes or cue
intensities, early or late in training (p 0.05, repeated-measures
two-way ANOVA; Fig. 2C,D).
Repeated presentation of visual cues induces the emergence of
stimulus-evoked oscillations in V1
Across initial trial presentations (50 trials), light flash evokes a
VEP as expected. The amplitude of the VEP correlates with the
intensity of the visual stimulus, being greater for higher flash
intensities (low, 0.6	 0.05 mV; medium, 0.69	 0.06 mV; high,
0.75 	 0.06 mV; p  0.01 Tukey’s post hoc, repeated-measures
ANOVA). As animals were repeatedly exposed to the stimuli, a
fraction of the visual cue presentations induced a high-amplitude
(1.3 mV), low-frequency (7– 8 Hz) oscillation in the LFP that
persisted long after the end of the stimulus for variable durations
(Fig. 3A). The probability of evoking an oscillation increased with
training during the first behavioral session (see Fig. 7A). None
of the rats expressed an oscillation in the first 50 correctly com-
pleted trials, following which the prevalence then increased as
animals performed subsequent trials (see Fig. 7A).
Figure 2. Performance in the behavioral task.A, Percentage of trials successfully completed increaseswith training. *p 0.01 (Tukey post hoc, repeated-measures ANOVA).B, Behavioral report
of reward time measured as the ratio between the time in which the animal exits the nose-poke in unrewarded trials (give up time) relative to the reward delivery time per session. A, B, Sessions
classified as early and late in training are plotted in red and blue, respectively. *p 0.05 (Tukey post hoc, repeated-measures ANOVA). There was no difference in the reward time or give up time
for the different light intensities (C) or reward magnitudes (D) in either early or late training. Training did shorten both the reward and give up times. *p 0.05 (two-way repeated-measures
ANOVA).
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Oscillations are local to V1 and observable across all cortical
layers and across large areal expanses of V1
The linear arrays of electrodes that penetrated across the entire
depth of the cortex afforded a further characterization of this
cue-evoked LFP response in terms of its depth profile, timing,
duration, and location of current sources and sinks. Visually
evoked oscillations were not detected in every trial even in fully
trained animals (see Fig. 7B). However, when an oscillation was
present, the linear array used in these recordings detected its
presence in every cortical layer (Fig. 3C). Current sources and
Figure 3. The visually evoked oscillations are not layer specific, are generatedwithin V1 itself, and are aerially extensive.A, Example trials, recorded from one electrode, with (right) andwithout
(left) a visually evoked oscillation. Tick marks on top of the LFP indicate the lick times in each trial. Gray rectangle represents the time interval in which the visual cue is on. B, Single-channel
time-frequency representation of trials in A. The time interval in which the oscillation is present is characterized by a peak at7.5 Hz (right). This peak is absent in trials with no oscillation (left). C,
Cortical laminar pattern of visually evoked responses for the same trials. Voltage is color coded. Arrows indicate the electrode position of the example in A. Left, VEP recorded across cortical depth.
Right, The oscillation evoked by the visual stimulus recorded in every cortical layer. A magnification of a single oscillation cycle (black rectangle) is shown to the right of the plot. D, Single-trial CSD
profiles calculated from the second derivative of the field potentials. Right, The visual stimulus evokes sinks and sources that alternate in time and space up to the time of expected reward. A
magnification of the sinks and sources froma single oscillation cycle (black rectangle) is shown to the right of the plot.E, Visually evoked oscillation recordedwith an 8 2 electrode array implanted
in the rostrocaudal/mediolateral axis. Approximate area of study: 1.5 0.4 mm. The oscillations are observable in a widespread area of V1.
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sinks were then assessed by performing a CSD analysis of the
signal (Fig. 3D). Both the amplitude and phase of these theta
oscillations changed as a function of depth, with the largest am-
plitude located in infragranular cortical layers (Fig. 3C). In addi-
tion, recordings from multichannel 2  8 arrays sampling
mediolaterally/rostrocaudally showed that the oscillations are si-
multaneously observable across a large portion of V1 (Fig. 3E).
Thus, in a fraction of the trials, the visual cue induces the emer-
gence of a global oscillation spanning all cortical layers across a
large expanse of V1.
A time-frequency representation of the LFP shows that the
oscillation is evoked immediately following the visual stimulus,
with its frequency restricted to a narrow range (6 –9 Hz) and with
a mean frequency of 7.30 	 0.05 Hz (Fig. 3A,B; range of mean
frequency across all animals, 6.9 –7.7 Hz). The spatiotemporal
pattern of current sinks and sources was approximated by the
second spatial derivative of field potentials collected on channels
immediately adjacent to each other. Although standard CSD
analysis typically averages the LFP waveform over a large number
of stimulus presentations to increase the signal-to-noise ratio, the
robust nature of the oscillation observed here allows the method
to be applied to individual trials. Doing so permits the properties
of the signal to be assessed free from corruption resulting from
across-trial averaging of small fluctuations in the phase and am-
plitude, and by variation in the duration of the oscillation. The
visual cue evoked a laminar flow of current sink activity in V1
characterized by an early sink-peak in layer 4, followed by a cur-
rent sink-peak in superficial layers and finally a sink of lesser
amplitude but of prolonged duration in deep layers. This pattern
was repeated for the duration of the oscillation at a theta fre-
quency. The CSD analysis depicts the oscillation as a repeating
pattern of current sources and sinks alternating in space and time
that remains coherent until the approximate time of expected
reward (Fig. 3D, right). That the sinks and sources that follow the
VEP resemble those observed during the VEP itself suggests that
they may share a common thalamocortical mechanism. This
analysis reveals that, although the genesis of the oscillations may
be cortical-thalamic loops, or otherwise, the oscillation observed
is local to V1 and not the result of volume conduction from
nearby areas.
V1 single unit activity but not animals’ licking behavior is
phase-locked to the visually evoked oscillations
To ascertain whether these oscillations were related to the ani-
mals’ licking behavior, we analyzed the phase relationship be-
tween the oscillation and licking (Fig. 4A). Lick times occurred at
different phases of the oscillation as the trial progressed and at
different phases across trials. The total number of licks per session
gave rise to a uniform distribution around a circular axis for all
animals (Fig. 4B; p  0.05, Rayleigh test). Additional observa-
tions evidence that the oscillations and lick times are unrelated:
(1) oscillations are only observed on a fraction of trials (even
though licking behavior is not distinguishable between those tri-
als with and without observed oscillations); (2) oscillations ter-
minate, typically, long before the bout of licking ceases; and (3)
the first cycles of the oscillation occur in the absence of licking
(Fig. 3A). Nonetheless, to ensure that the licking behavior is iden-
tical in trials with and without oscillations, we used a bin-by-bin
ROC analysis to compare the lick time responses across trials. To
this end, we built perievent histograms of the lick times (10 ms
nonoverlapping bins) centered on the cue presentation for trials
with and without oscillations. The licking behavior was indistin-
guishable in trials with and without oscillations for all animals
(p  0.05, ROC analysis). Thus, these data demonstrate that,
early during training, at a stage where animals have not yet
learned the cue-reward time association, repeated presentation of
the visual stimulus induces the emergence of an oscillation that
outlasts the visual cue and is not related to the licking behavior.
In addition, we analyzed the relationship between the visually
evoked oscillation and the neuronal firing in V1. V1 single-unit
data were collected from four animals while they performed the
behavioral task. Many neurons’ firing qualitatively appeared to
correlate with the visually evoked oscillations (Fig. 4C). To quan-
tify this observation in individual neurons, we analyzed the phase
relationship between spike discharges and the theta component
of the LFP (Fig. 4D). From the 125 neurons recorded in four
Figure 4. V1 single-unit activity, but not lick times, is phase-locked to the visually evoked
oscillation. A, Top, Example of an LFP trace recoded from one trial. Red dots represent the lick
times. Bottom, The LFP was decomposed using a discrete wavelet transform, and the 5–10 Hz
frequency bandwas used to study the phase relationship between this frequency band and the
licking behavior. A Hilbert transformationwas performed to obtain the phase angle of each lick
to the oscillation. B, Representative polar plot depicting the uniform phase distribution of lick
times to the oscillation for a whole session. Phase locking of licks was studied by assessing
deviation from uniformity (Rayleigh test, p 0.05). C, Stimulus-evoked visual response re-
corded from a single unit during a behavioral session. Top, Dots represent each spike recorded
for all trials within a session. Green rectangle represents the time the visual cue is on. Blue
dashed line indicates the median reward time for this session. Bottom, Perievent histogram
from the raster plot. D, Representative polar plot depicting the phase distribution of the spikes
in relation to the phase of the visually evoked oscillation. The spikes are significantly phase-
locked to the oscillation.
9608 • J. Neurosci., July 1, 2015 • 35(26):9603–9614 Zold and Hussain Shuler • V1 Theta Relays Reward Rate and Expected Delay
animals, 54 units were significantly phase-locked to the theta
oscillation. This provides further support to the claim that the
oscillations are locally generated.
With training oscillations evolve to report the time interval to
expected reward while losing their relationship to stimulus
intensity
An interesting feature of these theta oscillations is that their du-
ration changed as animals learned the temporal relationship be-
tween the visual cue and the reward. To quantify this observation
rigorously, we developed an objective algorithm based on two
distinctive features of this cue-evoked oscillatory activity: (1)
high energy values in the frequency range between 6 and 9 Hz;
and (2) the high degree to which that energy is concentrated
across that frequency range at any moment in time. To this end,
we first estimated a time-frequency representation of the LFP
using Gabor filters and calculated the energy within the 6 –9 Hz
frequency band (Fig. 5A,B). Second, we calculated how concen-
trated the signal was within this 6 –9 Hz band, using this measure
of “purity” as another descriptive characteristic (Fig. 5C). A com-
bined variable taking into account the energy and purity of the
signal resulted in a robust measure (the “concentrated energy”;
Fig. 5D) that qualitatively captured the temporal envelope that
oscillations, subjectively, subtended. A threshold, per session,
was set [(max  min)/2.5] and applied to this concentrated en-
ergy score (Fig. 5E). A trial was considered to have an oscillation
if its concentrated energy value crossed the threshold in the first
500 ms after visual stimulus presentation. The end of the oscilla-
tion was taken as the time in which the concentrated energy score
dropped back below this threshold value. This automated calcu-
lation and thresholding of concentrated energy resulted in objec-
tive and robust detection of oscillations and their durations.
Early in training, the duration of the oscillations correlates to
the physical attributes of the visual stimuli, with the low-intensity
stimulus evoking shorter durations and the high-intensity stim-
ulus evoking longer durations (p 0.01, Tukey post hoc test for
all comparisons after a two-way ANOVA significant interaction;
Fig. 6A,C). There was no significant correlation between oscilla-
tion duration and the experienced reward times in the early be-
havioral sessions (p  0.05, linear regression; slopes: low,
0.06 	 0.05, r2  0.01; medium, 0.02 	 0.04, r2  0.002;
high, 0.02 	 0.05, r2  0.003; Fig. 6A,C). However, as animals
learned the task, the oscillation duration evolved to report
the time of expected reward. In late training, we found a positive
correlation between the oscillation duration and the reward time
(p 0.001, linear regression; slopes: low, 0.46	 0.06, r2 0.45;
medium, 0.51	 0.06, r2 0.51; high, 0.51	 0.07, r2 0.47; Fig.
6B,D). To achieve this relationship, the evoked oscillation dura-
tions (which varied by animal and stimulus intensity), had to
become either shorter or longer depending on their duration
relative to the animals’ average reward time. Furthermore, as
animals gained experience in the task, the oscillation duration
lost its relationship to the stimulus intensity, with different flash
intensities evoking similar oscillation durations (p  0.05,
ANCOVA; Fig. 6B,D). Finally, to ascertain whether the oscilla-
tion end was related to changes on the licking behavior, we per-
formed an ROC analysis to compare the licking pattern observed
on trials with and without oscillations around the nth lick. For
every session, we built perievent histograms of the lick times
centered on the nth lick for trials with and without oscillations.
We did not find any differences in the licking behavior around
the nth lick on trials with or without oscillations for all animals
(p 0.05, ROC analysis). Together, visually evoked oscillations
Figure 5. Objective, automatic characterization of oscillation duration. A, Visually evoked
activity recorded fromone channel shown for every trial of anentire training session (orderedby
concentrated energy). Time 0 represents the visual stimulus onset (dashed line). Black line
indicates the time of the nth lick.B, Mean energy values for frequencies between 6 and 9 Hz. C,
Measure of howconcentrated the energy is for the frequencybandof interest (“purity”).D, Both
independent measures, the energy and purity, were combined (“concentrated energy”) to im-
prove the detection of the presence and duration of oscillations. This measure was used to
determine a threshold used for oscillation detection and duration. White line indicates the end
of the oscillation determined by the automatic detection algorithm. The oscillation duration
accordswell with themean reward time (yellow line). E, Distribution of themean concentrated
energy valuewithin the 500mswindowused to set the threshold for the entire session. Red line
indicates the calculated threshold for this session. Trials in all panels ordered by concentrated
energy score.
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evolved with training from showing a dependency on the stimu-
lus intensity and no dependency on the delay to reward, to show-
ing a dependency on the delay to reward (p 0.001, ANCOVA;
Fig. 6E) and no dependency on the stimulus intensity (p 0.05,
ANCOVA interaction; Fig. 6E).
Because animals were trained in two cohorts with different
light-intensity/reward-magnitude policies [low intensity ¡ in-
termediate reward, medium intensity¡ big reward, high inten-
sity ¡ small reward (n  8 animals); and low intensity ¡ big
reward, medium intensity¡ small reward, high intensity¡ in-
termediate reward (n  5 animals)], we also analyzed the rela-
tionship between oscillation duration and reward magnitude.
Oscillation duration evoked by a stimulus did not correlate with
reward magnitude predicted by the stimulus (p 0.05, one-way
ANOVA). Finally, oscillations were not related to the acquisition
of reward per se, as rewarded and unrewarded trials evoked non-
distinguishable responses regarding duration and their likeli-
hood of being evoked (i.e., their “prevalence”) (p 0.05, t tests).
Overall, these results demonstrate that repeated presentation of
cues predicting delayed rewards induce the emergence of oscilla-
tions that, although initially relating to the physical characteris-
tics of the visual stimulus, evolve to report the temporal interval
to expected reward.
Behavioral performance is not influenced by the presence or
absence of oscillations
Should visually evoked oscillations in V1 convey information
used to drive task behaviors, the presence or absence of theta
oscillations within V1 may be relatable to measures of the ani-
mals’ performance in the task. To address this, we analyzed
whether the time to lick to criteria covaries with the presence/
absence of the oscillation. We observed no differences in the time
Figure 6. With training, the visually evoked oscillations evolve to accord with the time to expected reward regardless of the intensity of the visual stimuli. A, Example of a session recorded early
in training. Trialswere plotted separately according to the intensity of the visual stimulus (low,medium, andhigh) in chronological order. Filled gray circles on color plots represent the nth lick. Black
squares represent when the oscillation terminates. Early in training, the duration of the oscillation relates to the intensity of the visual stimuli: being shorter for low intensities and longer for higher
intensities. B, Visually evoked activity for the same channel recorded after 3 weeks of training in the behavioral task. With training, the oscillation duration comes to accord well with the median
reward time. C, D, Correlation between oscillation duration and median reward time early (C) and late (D) in training for all animals. The oscillation duration for each visual stimulus was plotted
against themedian reward time for that session. Each color represents adifferenthemisphere.C, Early in training, there is no correlationbetween theoscillationdurationand themedian reward time
for any of the stimuli, although stimuli of greater intensity result in longer durations. D, However, when animals become experienced in the task, there is a positive and significant correlation
between the oscillation duration and the expected reward time, yet they lose their relationship to stimulus intensity. E, The correlations early and late in training are significantly different ( p
0.0001, ANCOVA).
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to lick to criterion comparing trials with and without oscillations
(early in training, trials with oscillations 1.94 	 0.13 s vs trials
without oscillation 1.92 	 0.12 s; late in training, trials with os-
cillations 1.29	 0.10 s vs trials without oscillation 1.30	 0.09 s;
p 0.05, two-way repeated-measures ANOVA). In addition, we
addressed whether the presence or absence of oscillations could
influence the estimation of the delay to reward by evaluating the
time animals remained in the nose-poke in unrewarded trials. In
these unrewarded trials, we observed no difference in the time to
exit the nose-poke (give up time) when comparing trials with and
without oscillations (early in training, trials with oscillation
5.34 	 0.39 vs trials without oscillation 5.44 	 0.52 s; late in
training, trials with oscillation 2.04	 0.10 vs trials without oscil-
lation 2.00 	 0.10 s; p  0.05, two-way repeated-measures
ANOVA). These results indicate that the occurrence of oscilla-
tions is related to neither an enhancement nor decrement of the
animals’ measured behavior.
The likelihood of evoking an oscillation is related to the
VEP amplitude
Another feature of the LFP activity that changed with training
was the likelihood of evoking an oscillation. As shown in Figure 3,
not every visual cue presentation evoked an oscillation, even after
the animals became familiarized with the behavioral task. As we
stated earlier, the VEP amplitude relates to the visual cue inten-
sity. Using the same oscillation detection algorithm, we found
that the oscillation prevalence was smaller for the lowest intensity
stimulus, being greater for the medium and high intensities both
early and late in training (p  0.05, Tukey post hoc, low vs high
and low vs medium after a significant main factor, two-way
repeated-measures ANOVA). To analyze whether the VEP am-
plitude was predictive of the appearance of an oscillation, the
VEPs for trials with and without oscillations were compared
across training. We found that the VEP amplitude was higher for
those trials showing an oscillation, whether early or late in train-
ing (VEP oscillation trials, 0.74	 0.02 mV vs VEP no oscillation
trial, 0.65 	 0.02 mV; p  0.01, two-way repeated measure
ANOVA). Finally, the VEP amplitude showed no relationship
with the oscillation duration either on early or late sessions (p
0.05, linear regression) and no relationship to the associated re-
ward magnitude (p  0.05, two-way repeated-measures
ANOVA). Thus, the likelihood of evoking an oscillation is greater
for trials with higher elicited VEPs.
Experienced reward rate predicts the likelihood of evoking
an oscillation
When animals have gained familiarity with the task, the preva-
lence of evoking an oscillation is observed to wax and wane
throughout a session in a stereotyped fashion from day to day,
being characterized as a rapid increase in the probability of evok-
ing an oscillation across the first50 trials, followed by a steady
and gradual decline (Fig. 7B,C). Given this distinctive and con-
Figure 7. Percentage of trials with visually evoked oscillations. The likelihood of evoking an oscillation develops in early sessions (A), from expressing no oscillations for any animal in the first 50
trials to soon achieving a stereotypical pattern thereafter characterizedby a rapid rise followedby agradual decline across the course of the session (B).C, Log-normal fit for the oscillationprevalence
observed on average on all late sessions.D, Correlation between oscillation rate and reward rate on an example session late in training. E, Correlation coefficients and averages between oscillation
rate andoneof the following: (1) trial rate, (2) photic rate, or (3) reward rate. The oscillation prevalence across the behavioral session correlates bestwith the recently experienced reward rate. *Error
bars indicate SEM.
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sistent patterning of the prevalence of oscillations across the
course of a session, we reasoned that V1 is sensitive to the recent
experience of the animal in the task. Therefore, we hypothesized
that the likelihood of evoking an oscillation may reflect the ani-
mal’s motivational state, as rats typically performed the task
faster at the beginning of the behavioral session, decreasing
steadily their trial rate there onwards, presumably as they became
sated. To test this potential relationship, we calculated the rate in
which animals performed trials (“trial rate”) to serve as a measure
of motivational state. This trial rate was calculated by counting
the number of trials performed within a trailing 300 s sliding
window (using a 2 s step size). We found that, in 58 of 60 cases,
there was a significant correlation between the trial rate experi-
enced in the recent past and the oscillation rate (mean Pearson
correlation coefficient, 0.43	 0.03; Fig. 7E).
Although trial rate indeed accounts for a substantial propor-
tion of the variability observed in evoking an oscillation, the prev-
alence of oscillations, rather than reflecting trial rate per se, may
actually reflect the rate of photic bombardment (“photic rate”)
experienced in the recent past by the animal (i.e., processes of
sensitization/habituation). Alternatively, should reward history
impact the visual cortex, the likelihood of oscillations, rather than
being determined by recent visual experience, could be deter-
mined by the rate of experienced reward (“reward rate”). Al-
though photic and reward rates are both similarly dependent
upon the pace of self-executed trials (trial rate), they are indepen-
dently determined by, respectively, the particular sequence of
visual stimuli (low, medium, and high intensity) or rewards
(small, intermediate, big, and omissions) experienced over the
recent past. Because, by design, stimulus intensity and reward
volumes do not map linearly to each other, the experienced pho-
tic rate and reward rate can independently be correlated to the
rate of evoking oscillations (“oscillation rate”).
In 58 of 60 cases, the three variables studied (trial, photic, and
reward rate) showed a significant correlation to the oscillation
rate (Fig. 7E). However, the correlation coefficient was signifi-
cantly higher for the reward rate, whereas we found no differ-
ences between the trial and photic correlations (trial rate, 0.43	
0.03; photic rate, 0.43	 0.03; reward rate, 0.49	 0.03; p 0.001,
Tukey post hoc, one-way repeated-measures ANOVA; Fig. 7D,E).
In addition, in 41 of 58 sessions, the reward rate showed the
highest correlation coefficient compared with both the trial and
photic rate (p  0.01, 2 test). The photic rate correlation was
higher than the trial rate in 26 of 58 cases, indicating that both
variables provide redundant information (p  0.05, 2 test).
Thus, the oscillation prevalence across a behavioral session best
reflects the recently experienced reward rate.
Discussion
Here we describe how, with experience, cue-evoked oscillations
emerge in V1 to convey expected reward time as well as to relate
experienced reward rate. Repeated presentation of visual cues
induces the emergence of stimulus-evoked oscillations in V1 that
initially outlast the visual cue and whose durations correspond to
the cues’ intensity. With training, the duration of this oscillatory
activity evolves from relating the physical parameters of the stim-
uli to relating the time in which those stimuli foretell of expected
reward. Furthermore, the likelihood of evoking an oscillation
reflects the reward rate recently experienced by the animal. These
observations depart from the framework of perceptual learning
wherein changes in evoked responses that occur as a result of
training are regarded as furthering the detection and discrimina-
tion of visual cues. Rather, by demonstrating that cue evoked-
responses evolve to convey the timing and rate of experienced
reward, we advance an alternative framework in which V1
actively transforms visual input into what it connotes behav-
iorally to the animal: expected reward time and experienced
reward rate.
The visual cortex is commonly thought of as a feature detector
that builds representations of stimuli in the visual world by faith-
fully encoding their physical properties (but see Purves et al.,
2001; Purves, 2010). In this view, the visual system responds to
visual inputs in a manner that reflects the attributes of the stim-
ulus. There is nonetheless ample evidence that visual experience
can induce long-lasting changes in V1 responses in adult animals
and humans. Cortical representations of visual inputs in the adult
animal can be modified by a variety of manipulations, such as
repeated exposure (Fiorentini and Berardi, 1980; Furmanski et
al., 2004; Frenkel et al., 2006; Gavornik and Bear, 2014), visual
deprivation (Sawtell et al., 2003; Hofer et al., 2006), attentional
demands (Ahissar and Hochstein, 1993; Fahle, 2004), and posi-
tive reinforcements (Serences, 2008; Seitz et al., 2009; Sta˘nis¸or et
al., 2013). These changes in V1 responses are generally inter-
preted in a perceptual learning framework, wherein visual expe-
rience improves our ability to perceive the world (Karmarkar and
Dan, 2006; Gilbert et al., 2009; Roelfsema et al., 2010). Here we
demonstrate that, with training, stimulus-evoked oscillations in
V1 lose their relationship with the physical parameters of the
stimuli and evolve to relate to the behavioral meaning, as ac-
quired through training, that the stimuli foretell: reward time and
prior reward history but not reward magnitude itself. Thus, our
results suggest that changes in V1 responses observed here are
due to learning the behavioral relevance of visual cues and may
not correspond to a perceptual learning process.
Here we show that changes in V1 responsivity induced by
cue-reward associations can manifest as stimulus-evoked oscilla-
tions. These visually evoked oscillations are observable across all
cortical layers and a large area of V1. Furthermore, the presence
of sinks and sources located in V1 demonstrates that the oscilla-
tions observed are not due to volume conduction of signals from
other brain areas (Mitzdorf, 1985) and suggest that they are local
to V1, generated through external inputs or by recurrent activity
within cortical layers. Additionally, the sinks and sources related
to the oscillations resemble those of the VEP, suggesting that they
both share a common mechanism. The thalamocortical circuit is
strongly implicated in the generation of naturally occurring sleep
oscillations and in pathological spike-wave oscillations present in
some epileptic disorders (Destexhe et al., 1993; Sherman and
Guillery, 2002). This raises the possibility that theta oscillations in
V1 stem from resonant activity in the thalamocortical network
like those that give rise to the VEP.
Oscillatory activity is thought to have an important role in
brain operations and cognition (Buzsa´ki and Draguhn, 2004;
Buzsa´ki, 2007). In particular, local field oscillations at the theta
frequency range have been observed in several cortical structures
(Steriade, 2000) and related to learning and memory processes
(Hasselmo, 2005; Jones and Wilson, 2005; Siapas et al., 2005;
Dragoi and Buzsa´ki, 2006; DeCoteau et al., 2007; Womelsdorf et
al., 2007). Furthermore, theta oscillations are associated with in-
duction of synaptic plasticity (Buzsa´ki, 2002). Within the visual
system, oscillatory activity has been implicated in selective atten-
tion (Fries et al., 2001; Palva and Palva, 2007; Schroeder and
Lakatos, 2009), working memory (Jensen, 2002; Lee et al., 2005),
and interregional communication (Gray et al., 1989; Singer and
Gray, 1995; Liebe et al., 2012) among other processes. If the visu-
ally evoked oscillations described here are related to these pro-
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cesses, one might expect to have observed either a facilitatory or
deleterious effect on the animal’s behavior; yet we did not observe
any differences in animal’s performance in trials with, versus
without, oscillations. Thus, we propose that, in this context,
rather than relating to an enhancement (or detriment) in visual
perception, visually evoked oscillations are instead a signature
that V1 constructs predictive expectations of behaviorally rele-
vant cues.
The ability to generate predictions about a forthcoming
event based on a given stimulus requires the timing and value
of a future reward to be represented. This ability is central to
making adaptive decisions and guiding behavior. It is com-
monly held that animals’ behavior is motivated to maximize
rewards and avoid punishments. In a dynamic and uncertain
environment, estimating reinforcement rate based on recent
experience provides an advantage in selecting among reward-
ing options (Namboodiri et al., 2014a). A contemporaneous
theory posits that intertemporal decision making is based on
expectations of reward rate derived from the recently experi-
enced past (Namboodiri et al., 2014a, b, c). According to this
theory (Training-Integrated Maximized Estimation of Rein-
forcement Rate), animals make choices to optimize expected
reward rates over this past temporal interval as well as the
expected delay to future reward. Interestingly, the visually
evoked oscillations described here evolve with training to re-
late both the time of expected reward as well as the recently
experienced reward rate, and could thus be an electrophysio-
logical signature of these essential features.
To create predictions about future events, animals should
store the experienced magnitudes and times of rewards following
conditioned stimuli. In the present study, we found a strong re-
ward timing signal in V1, but we failed to observe reward value
signaling in the evoked oscillations. However, recent studies in
humans (Serences, 2008; Serences and Saproo, 2010) and mon-
keys (Sta˘nis¸or et al., 2013) have demonstrated that V1 has the
ability to report information about reward magnitude. Sta˘nis¸or
et al. (2013) trained monkeys in a curve-tracing task in which
animals were signaled to saccade toward one of two possible tar-
gets associated to different reward values. They found that V1
responses are stronger for higher reward stimuli. However, when
only one cue is presented to the animal, reward magnitude has a
much diminished effect on V1 activity. This suggests that reward
value modulations arise, or are more easily detected, in V1 when
competing stimuli are presented and could thus explain the ab-
sence of a value signal in our experimental conditions. Another
important fact to consider is that, in this study, the visual cues are
visible throughout the choice and reward acquisition period,
whereas in our case the stimulus is long since terminated by the
time the animal receives the reward. Finally, expected reward
magnitude may yet be present in V1 but simply not observable in
the oscillatory activity.
The mechanism by which the brain learns to create temporal
expectations based on predictive stimuli is unknown. Although
temporal information is known to reside in high-order brain
areas (Leon and Shadlen, 2003; Xu et al., 2014), recent studies
have demonstrated that V1 neurons are also capable of providing
information about the time of an expected reward (Shuler and
Bear, 2006; Chubykin et al., 2013). Computational studies have
shown that cue-reward intervals can be expressed in V1 single
units through reward-dependent expression of synaptic plasticity
(Gavornik et al., 2009; Gavornik and Shouval, 2011). According
to this reward-dependent expression model, V1 receives a local
reinforcement signal, as recently experimentally observed (Liu et
al., 2015), that selectively enables changes in synaptic weights of
those synapses that have been active in the recent past. The pop-
ulation reward timing signal evidenced in V1’s LFP arises with
training as a result of oscillations becoming longer or shorter to
match the animal’s behavioral reward time. That this oscillatory
activity emerges and is local to V1 lends further credence to the
notion that V1 learns through reinforcement signaling the cue-
to-reward interval.
Behavioral choices are made based on having learned from
past experience what stimuli predict. To make the most adaptive
choices, it is also important to apprehend the reward rate of an
environment as experienced in the recent past so that choice
behavior drives actions that can maintain or increase that rate, or
if not possible, to minimize the rate of loss. We evidence in LFP
recordings that V1 actively processes sensory inputs to create
predictions of forthcoming events and is privy to recent reward
history. Therefore, cue-evoked responses in V1 may provide
valuable information regarding what to expect and when.
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